Introduction
Murine NK cells express multiple Ly49 receptors [1] [2] [3] [4] [5] Ca, induce cytokine mRNA and protein production and mediate reverse antibody dependent cellular cytotoxicity (ADCC) in the presence of specific mAbs. [9] [10] [11] [12] Circulating NK cells expressing activating Ly49s also express co-receptor paired inhibitory
Ly49s. Thus effector cells that express the activating Ly49D receptor that binds H2-D d as a ligand, also co-express, at very high levels, the inhibitory Ly49G2 or Ly49A [13] [14] [15] receptors, that also bind H2-D d and inhibit the activating function. Based on this co-expression, engagement of activating Ly49 NK receptors in vivo appears constantly at odds with inhibitory forces. Our previous studies demonstrated that crosslinking of activating Ly49D murine NK cell receptors can potently synergize with IL-12 for selective and synergistic production of IFN-γ, both in vitro and in vivo.
Importantly, IL-12 was the key signal needed for over-riding the inhibitory receptor blockade for cytokine production.
Since there are numerous co-receptor systems in the T cell system that require two signals to induce sufficient cellular activation, we postulated that other NK cell receptors may require two positive signals to override the ever vigilant inhibitory receptor blockade. Thus, we sought to examine a model where the secretory function of activating receptors in addition to the Ly49
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Materials and Methods

Reagents
Alpha (α) GalCer (KRN7000) was graciously provided by the Kirin Brewery Company, Limited, Tokyo, Japan. The ceramide reagents were first dissolved in DMSO, then diluted in PBS containing 0.5% Tween 20. Control diluent or PBS was used as a control for all studies. MAP kinase inhibitors SB203580 (source) and U0126 (source) were used at a final concentration of 1uM.
Cell lines
The B cell lines (A20 and A20/CD1d generously provided by M. Kronenberg, La Jolla Inst., San Diego, CA), were pretreated with various reagents for 30 minutes at 37°C, washed and mixed with sorted populations, and supernatants were collected for analysis after specified culture time.
NK cell isolation
Liver NK cells were isolated from C57BL/6 (B6) mice as previously described. 14 ) and/or after in vitro expansion with IL-2 (6000 IU/ml recombinant IL-2 (Chiron Corp., ) as previously described. 16 In vivo IL-2 treatment was as previously described using a plasmid containing the murine IL-2 gene.
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Antibodies used
The monoclonal antibodies 4E5 (Ly49D), 3D10 (Ly49H), and 3A10 (NKG2D) were previously described 11 
Flow cytometry analysis (FCA)
Cells were stained as previously described 16 and analyzed on a either as FACSort or a LSR flow cytometer (Becton Dickinson, San Jose, CA). Cells were directly stained using FITC-, phycoerythrin (PE-), Per-CP-and APC-labeled primary abs. The BD™ CBA Phospho Flex Set (Becton Dickinson, San Jose, CA) is a bead-based immunoassay measuring mouse signal regulated kinases (p38, ERK1/2) was analyzed in denatured cell lysate samples.
Cytokine measurement
Cytokines were measured using IFN-γ and chemokine ELISA kits (R&D Systems, Minneapolis, MN). Cell stimulations were performed at cell concentrations of 1-5x10 6 cells/ml.
Antibodies were added at a concentration of 1 :g/10 6 cells for 30 minutes at 4ΕC. Cells were then washed and plated on 24-well Costar (Corning, NY) plates that were pre-coated with 2 :g/well rabbit F(ab ' ) 2 anti-rat IgG and blocked with media containing 10% fetal calf serum. Unless otherwise stated, samples were collected after 5-6 hours incubation (37°C, 5% CO 2 ) and were measured in duplicate against the standard curve of the assay and reported as pg/ml. In all assays, the standard deviation was less than 5 pg/ml.
Ribonuclease protection assay
The multiprobe RNAse Protection Assay (RPA) was performed utilizing the mck-1 or mck-5 template set (Pharmingen, San Diego, CA). Total cellular RNA was extracted utilizing Trizol (Life Technologies, Gaithersburg, MD) and 1-5 :g of total mRNA was hybridized with a 33-P UTP labeled RNA probe (1 x 10 6 cpm/sample) prepared according to the manufacturer's directions 
Generation of positive controls for real time PCR assays
For isolating the cDNA segment specific for the long form of the Nkg2d mRNA, the previously published 18 forward primer (P2 primer: 5'caggaagcagaggcagattatctc) was used. Plasmid DNA containing cDNA segments specific for the long and short form of the Nkg2d mRNA was isolated as follows. Amplicons were isolated from RNA obtained from either spleen or IL-2 treated spleen.
cDNA were synthesized using the Superscript III kit from Invitrogen following the manufacturer's protocol using either oligodT or the Nkg2d R primer listed above. Amplicons were amplified by PCR using P2/R and S/R primers using Advantage2 polymerase from BD Biosciences. PCR conditions used were 94ΕC for 2 min, 30 cycles of 94ΕC for 30 seconds, 60ΕC for 30 seconds, and 72ΕC for 60 seconds and a final extension at 72ΕC for 7 minutes. Both cDNA fragments were cloned into the Topo TA cloning vector (Invitrogen) and the cDNA inserts in the plasmid DNA were verified by DNA sequencing (data not shown).
Real time PCR assays
For quantification of the variant form of Nkg2d mRNA, plasmid DNA isolated as described above was used to generate a standard curve. The real-time PCR assays for Nkg2d plasmid DNA or cDNA were carried out in 10 :l reactions using primers S/R and L/R primers, SYBR Green master mix (Qiagen Inc.) and run on an ABI 7900 (Applied Biosystems, Inc., Foster City, CA, USA short and long and Gapd plasmid DNA and found to be >.99% efficient with a slope of -3.6. The
Nkg2d short form of mRNA expression was normalized to the Gapd expression in multiplex and quantified with its own standard curve, >.97% efficiency with a slope of -3Α8. Similarly Nkg2d long form of mRNA had > .97% efficiency and a slope of -3.5.
Nuclear and cytoplasmic fractionation and RNA isolation
Approximately 5x10 7 NK cells were pelleted by centrifugation at 1200 rpm in a Sorvall H1000B
rotor, washed once in PBS, resuspended in 3 ml of homogenization buffer (15 mM Hepes, pH 7.4, 0.3 M sucrose, 60 mM KCl, 15 mM NaCl, 2 mM EDTA, 0.5 mM EGTA, 0.15 mM spermine, 0.5 mM spermidine, 1 mM phenylmethylsulfonylfluoride (PMSF) and 0.6% NP40) and lysed by incubation on ice for 5 minutes. The homogenate was centrifuged at 800 X g for 5 minutes at 4°C.
The resulting pellet was washed twice in 2 ml of nuclei wash buffer (homogenization buffer without detergent) and centrifuged at 800 X g for 5 minutes at 4°C and used immediately for nuclear RNA isolation by addition of Trizol to the pellet. Cytoplasmic RNA extraction was performed following cell lysis and centrifugation by addition of Trizol LS to the supernatant fraction.
Results
ITAM contaning receptor-cytokine synergy
Based on our previous studies, we examined additional ITAM associated receptors present on NK cells for their ability to synergize with cytokines following ligation. Utilizing both untreated mouse liver NK cells or purified NK cells (after magnetic depletion of lineage positive cells), specific receptor ligation was performed with antibodies specific for Ly49H and NKG2D.
Figures 1A and 1B demonstrate a representative experiment examining the mRNA expression and secretion of IFN-γ, respectively, after crosslinking Ly49H with or without IL-12. Similar to what has been observed with Ly49D, the DAP associated Ly49H receptor exhibited strong synergy for IFN-γ mRNA and cytokine production compared to either cytokine or receptor crosslinking alone.
Next we examined the effects of crosslinking the DAP associated NKG2D after crosslinking with NKG2D specific mAb 3D10 ( Figure 1C and 1D). Unlike Ly49D and H, receptor crosslinking NKG2D alone did not result in significant IFN-γ secretion unless IL-12 was added. Based on these results, we examined the effects of crosslinking the TcR-associated receptor using the NKT rich liver leukocytes, since the conical ITAM bearing receptor is CD3. We observed strong synergy for IFN-γ cytokine production when the receptor was cross-linked in the presence of IL-12 compared to either cytokine or receptor crosslinking alone ( Figure 1E 
Regulatory role of NKRs in cytokine gene expression
Our previous studies 17, 19 demonstrated that IFN-γ was predominately induced by IL-12
when Ly49D was co-engaged. In order to examine whether IFN-γ might alter production or costimulation of other cytokines upon NKR ligation, we performed the IL-12 co-stimulation in IFN-γ deficient mice (GKO). The representative results of several experiments are shown in Figure 2 . In B6 mice, MIP1α and MIP1β were strongly increased by Ly49, NK1.1 and NKG2D crosslinking.
IL-10 mRNA was increased to a lesser degree while IL-13 mRNA was only weakly increased.
When GKO mice were evaluated, a strong TH2 bias was observed. NKRs strongly increased 
Regulatory role of IL-12 in NKT cells
Since the liver is a rich source of NKT cells and our data with anti-CD3 crosslinking 
Effects of IL-12 and IL-18 on the synergistic response
To further evaluate the synergistic response, we sought to determine if multiple interactions with different co-stimulatory cytokines would result in even a greater response to NKR activation.
Therefore, a dosing checkerboard of IL-12 and IL-18 was added to NK cells either pretreated with (Table 1 see IFN-γ production in control IgG). However, when these same sub-optimal co-stimulating doses of IL-12 and IL-18 were analyzed with NK cells stimulated through the Ly49D NKR, strong, near maximal IFN-γ production was observed (29,000 and 25,200 pg/ml; bolded values) compared to the 10 ng treatment results. Thus these physiological levels of IL-12 and IL-18 could sensitize NK cells to produce a greatly enhanced response to ligation of NKRs.
Receptor crosslinking: Synergy other cytokines
With the recent emergence of other IL-12 family members, we sought to evaluate whether IL-23 and IL-27 would result in similar co-stimulation as IL-12. Figure 4 ; panel A depicts a typical result with these cytokines and crosslinking of Ly49D. Both IL-23 and IL-27 co-stimulated IFN-γ production upon Ly49D ligation, but they were quantitatively less potent that IL-12. In contrast to IL-12, the cytokines alone did not result in significant levels of IFN-γ (not shown). In addition, we 
Inhibitory receptors and IL-12
Our previous studies 17 demonstrated that IL-12 can override the the ability of Ly49G2 to inhibit Ly49D activator. Since Ly49G2 + NK cells also co-express NKG2D and NK1.1 in addition to being 50-60% Ly49D + , we examined whether IL-12 could also co-regulate their inhibition. As shown in Figure 4; 
In vivo synergy
In order to determine if the synergy of IL-12 with the NKG2D NKRs examined in this study occurred in vivo, B6 mice were injected intrasplenically (a route which results in rapid migration of tumor cells to the liver; a rich environment for NK and NKT cells) with cells that did or did not express Rae/γ, an NKG2D ligand and then injected with IL-12 protein As shown in Figure 4C , when either the parent tumor line (Baf3), the Rae/γ expressing Baf3, or IL-12 was injected alone, less than 10pg/ml of IFN-γ was detected in the serum. However, when Rae/@ expressing Baf3 cells were injected with IL-12, significant levels of IFN-γ were detected at 24 hours. These results indicate that the in vivo response to the NKG2D receptor-ligand interaction can be significantly enhanced upon exposure to IL-12.
Role of IL-12 in the synergistic response
The potent synergy that is observed in vitro and in vivo 17 for NKR activation and production of cytokines suggests an important regulatory role for IL-12 in vivo. Therefore we Supernatants were collected at 4-5 hours.
We next investigated the role of STAT4 in the synergistic response by comparing the response in BALB/c WT and STAT4 KO mice using NKRs; NKG2D and Ly49L (Data not shown). All synergy whether between IL-2 and IL-12 or NKR and IL-12, was ablated in cells from the STAT4 KO mice demonstrating the obligatory role for STAT4 in priming the cells for a maximal response to NKR cross-linking.
Effects on IFN-γ mRNA
To investigate whether a possible mechanism for the observed synergy was stabilization of the IFN-γ mRNA, we analyzed mRNA half-life following the treatments alone or in combination ( Figure 6A ). With all three treatments (NKR, IL-12 and combination) the half-life of IFN-γ mRNA was between 1-2 hours indicating that the increased production of IFN-γ was not due to effects on mRNA stability. Previous studies from our laboratory have demonstrated that IL-12 causes an accumulation of IFN-γ unprocessed mRNA in the nucleus that is processed and driven out of the nucleus by co-stimulation with IL-2. Using this model and probes that uniquely recognized unprocessed mRNA (detecting intron-exon boundries), we examined the effects of co-stimulation on IFN-γ mRNA processing and cellular compartmentalization. The results ( Figure 6B ; suppl. minutes; Figure 7A ) and marginally increased phospho-Erk (shown at 30 minutes). However, increased phospho-Erk and p38 is observed upon antibody crosslinking and the levels of these phosphoproteins are increased and sustained upon addition of IL12 ( Figure 7 ; panel B). Similar results were seen with NKG2D, except that antibody alone was minimally activating for phosphoErk (data not shown). This result is consistent with our observation that NKG2D cross linking by itself was not sufficient for production of IFN-γ. To directly test if the synergistic response was due to the activation of both signal transduction pathways, we analyzed the effects of p38 and Erk inhibitors on the combined treatments. As shown in Figure 7C , the synergistic response between NKR crosslinking and IL12 was completely abrogated by blocking both MAP kinases whereas either inhibitor alone had only partial effects. As expected, the response to IL12 alone was blocked by p38 inhibitors. Collectively these data indicate that synergy between the MAP kinases p38 and Erk is essential for the NKR synergy with IL12.
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We believe that our data reflects conditions that are very relevant to the in vivo host response as only a short (15 minutes) pretreatment with IL-12 can result in maximal activation of These results are consistent with a model whereby the immune systems ability to regulate innate and adaptive responses is to maximize the IFN-γ response when multiple "warning" signals are received in inflammatory sites.
